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Solid sample, thermal ionization, mass spectrometry has been used to obtain absolute values for 
the isotopic abundance ratios of a reference sample of* potassium. Standards of known isotopic composi- 
tion, prepared by jjravi metrically mixing nearly isotopically and chemically pure separated isotopes of 
: ' !l K and " K. were used for calibration. The absolute isotopic abundance ratios are :i!, K/" 41 K = 13.8566 ± 
0.0063 and 40 K/ 41 K = 0.0017343 ±0.0000061 which yield atom percent compositions of 39 K= 93.2581 ± 
0.0029. 40 K = 0.01167 ±0.00004, and »K = 6.7302 ±0.0029. The calculated atomic weighl for potassium 
is 39.098304 ± 0.000058. The indicated uncertainties are overall limits of error which arc the sum of the 
uncertainty components for ratio determinations and the components covering the effects of known 
sources of possible systematic error. 
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1 . Introduction 

The Analytical Spectrometry Section of the National 
Bureau of Standards is conducting a long term program 
of absolute isotopic abundance ratio and atomic weight 
determinations using the mass spectrometries method. 
Previous atomic weight determinations include silver 
[1], ' chlorine [2], copper [3], bromine [4] , chromium 
[5], magnesium [6], lead [7], boron [8], rubidium 
[9], rhenium [10], and silicon [11]. The present work 
extends the study to potassium. 

A mass spectrometric determination of the atomic 
weight of an element requires a determination of the 
absolute isotopic abundance of a reference standard 
and also the establishment of limits for natural varia- 
tions. The essential criteria for obtaining absolute 
isotopic abundances from relative or observed isotopic 
ratios is calibration of the instrument for the effects 
of bias using calibration standards of the analyte ele- 
ment with accurately known isotopic ratios. Accurately 
known calibration standards are prepared by gravi- 
metrically mixing nearly isotopically and chemically 
pure separated isotopes of the analyte element. The 
uncertainty in the absolute ratio of the reference stand- 
ard due to the assay and mixing of the separated iso- 
topes must be within ±0.02 percent to obtain the 
desired high accuracy atomic weight results. Mass 
spectrometric analysis of the reference standard and 
the calibration standard under nearl> identical analyti- 



1 Figures in brackets indie 



the literature references at the end of this paper. 



cal conditions provides the means of calculating cor- 
rection factors (calculated isotopic ratio of calibration 
standard/observed isotopic ratio of calibration stand- 
ard) which when applied to the observed ratios of the 
reference standard being calibrated yield absolute 
isotopic abundance ratios for the standard. The atomic 
weight of the reference standard can then be calculated 
from the absolute abundances and the nuclidic masses 
reported by Wapstra and (love [12]. Establishing the 
limits of natural variability requires a sampling of 
minerals from different geographic and geological 
origins on a world-wide basis. The uncertainty com- 
ponents due to possible natural variations, the ratio 
determination and other known sources of possible 
systematic error are summed to obtain an overall limit 
of error for the atomic weight of the element. A more 
detailed discussion of the mass spectrometric deter- 
mination of the atomic weights of the elements is given 
by Cameron [13]. 

Naturally occurring potassium consists of stable 
isotopes 39 K and 41 K, and a radioactive isotope 40 K. 
With a half-life of approximately 1.4 X 10 9 years, 40 K is 
changing by beta emission to 40 Ca and by orbital elec- 
tron capture to 40 Ar. Since the stable isotopes are 
99.988 percent of the total number of potassium atoms 
present, the effect of the total amount of 4() K on the 
atomic weight is only 2.6 parts-per-million. During the 
course of a 10 9 year half-life the decay of 40 K will 
decrease the atomic weight by 1.5 parts-per-million 
(ppm). 

Prior to 1951 the International Commission on 
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Atomic Weights used data from the chemical combin- 
ing weight method as the source for establishing the 
potassium atomic weight. All of the mass spectro- 
metric isotopic abundance data available at that time 
were relative measurements, which could not be cor- 
rected for bias effects because of insufficient informa- 
tion. Secondly, there were conflicting reports which 
indicated both large natural variations [14, 15, 16, 17, 
18, 19, 20, 21], and a high degree of constancy [22, 
23] in the isotopic abundances of potassium. These 
two factors weighed heavily against the use of mass 
spectrometric data as a source of information for the 
atomic weight of potassium. 

In what was considered a benchmark in analytical 
mass spectrometry at the time of the measurement in 
1950, Nier [24] calibrated for the effects of bias with 
standards of known isotopic composition prepared from 
high purity separated isotopes of argon. Reutersward 
[25], in an extensive effort to identify and correct for 
bias in the mass spectrometric measurement, dis- 
cussed the risk of accepting a calibration which did 
not use potassium separated isotopes. Although exten- 
sive in scope, the calibration of Reutersward did not 
include calibration with standards of known isotopic 
composition. The atomic weight calculated from his 
abundance data was 39.101 and did not provoke any 
serious misgivings about the 1951 report of the Inter- 
national Commission on Atomic Weights [26] which 
accepted the 1950 isotopic abundance measurements 
of Nier as the basis for calculating the atomic weight 
of potassium. 

Since 1951, the values recommended for the atomic 
weight of potassium by the International Commission 
on Atomic Weights have fluctuated between 39.098, 
obtained from the chemical method, and 39.102, 
obtained from the mass spectrometric method. Much 
of the indecision was due to an apparent difference of 
0.01 percent between the methods and the lack of new 



sources of data or a high accuracy measurement to 
resolve the discrepancy. Tables 1 and 2 give a detailed 
summary of atomic weight ( 12 C = 12) data by these 
methods. The mass spectrometric data is not inclusive 
of all published isotopic data but is representative of 
the measurements published since 1930. Where invest- 
igators reported natural variations, the :}J, K/ 41 K value 
for the standard or mineral most representative of 
terrestrial potassium was used for the atomic weight 
calculation. Examining the data from a point of view that 
none of the measurements satisfy the criteria for an 
absolute abundance determination, the average and 
range obtained is similar to the chemical data. The 
new source of information which eventually produced 
the revision to 39.098 ± 0.003 as the accepted value 
by the International Commission on Atomic Weights 
was Marinenko's [36] discussion of the data of Bates 
and Wichers [37], obtained from potentiometric titra- 
tion of acids. 

The primary purpose of the research reported here 
was a high accuracy determination of the atomic 
weight of potasslam which would resolve the apparent 
discrepancy between the chemical and mass spectro- 
metric data. To accomplish this goal, six calibration 
standards of known isotopic composition were pre- 
pared by gravimetri^ally blending isotopically and 
chemically pure separated isotopes of :w K and 41 K. A 
secondary purpose was to provide an isotopic standard 
of accurately known composition which can serve as a 
stabilizer in geochemistry where the search for potas- 
sium variations has produced a collection of diverse 
and conflicting relative isotopic measurements. The 
material chosen for the isotopic standard was a potas- 
sium chloride (Standard Reference Material 985) 
obtained from the J. T. Baker Chemical Company 2 , 
Phillipsburg, New Jersey. 



2 Company names are identified in this paper. Such identification does not imply recom- 
mendation or endorsement by the National Bureau of Standards. 



Table 1. Recalculation of atomic weight of potassium ( ,2 C = 12) 



Year 


Investigator 




Method 


Atomic 
weight 


1906 


Richards and Staehler [27] 


KC1 

Ag 


= 0.691072 


39.092 






KC1 
AgCl 


= 0.0520118 


39.091 


1907 


Richards and Mueller [28] 


KC1 

~a7 


= 0.69107 


39.091 






KCl 

AjiCl 


= 0.52012 


39.091 


1928 


Honigschmid and Gaubeau [29] 


KBr 
Ag 


= 1.103270 


39.104 






KBr 

A-Cl 


= 0.63374 


39.101 
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Table 1. Recalculation of atomic weight of potassium ( V1 ('.= 12) —Continued 



Year 


Investigator 


M 


ethod 


Atomic 

weight 


1929 


Honigschmid and Gaubeau [30] 


KCI 
Ag 


= 0.691148 


39.100 






KCI 

AgCI 


= 0.520180 


39.100 


1933 


Baxter and MacNevin [31 ] 


KCI 
Ag 


= 0.691057 


39.090 


1933 


Honigschmid and Saehtleben [32] 


KCI 
Ag 


= 0.69069 


39.091 






KCI 
AgCl 


= 0.520132 


39.093 






KBr 

Ag 


= 1.103197 


39.096 






KBr 
AgB~r 


= 0.633720 


39.091 


L935 


Johnson [33] 


KCI 
Ag 


= 0.691108 


39.095 


1940 


Baxter and Harrington [34] 


KCI 
Ag 


= 0.691085 


39.093 


1941 


McAlpine and Bird [35] 


KBr() :i 
KBr 


= 1 .403320 


39.104 






KBr 

Ag 


= 1.103193 


39.095 


1957 


Marincnko [36] 
(Recalculated data of Bates 
and Wickers [37]) 


CsH,(),K 
CtHhO, 


= 1.673374 


39.099 



Average (overall) = 39.095 
Average (since 1935) = 39.097 



Table 2. Calculation of atomic weight of potassium from relative mass spectrometric measurements 











Year 


Investigator 


3»K/4iK 


Atomic weight ;1 
( 1, - i C = 12) 


1934 


Brewer and Kueck |38] 


13.88 ±0.4 


39.098 


1935 


Nier [39] 


13.96 ±0.1 


39.097 


1936 


Manley [40J 


13.4 ±0.5 


39.102 


1936 


Bondy and Vanicek [41] 


14.1 ±0.1 


39.096 


1943 


Cook [22J 


14.12 ±0.28 


39.096 


1944 


Paul [42] 


13.96 ±0.6 


39.097 


1948 


White and Cameron [43] 


13.66 ±0.1 


39.100 


1948 


Hibbs and Redmond [44] 


13.81 ±0.15 


39.099 


1950 


Nier [24] 


13.48 ±0.07 


39.102 


1951 


Kent ers ward [45 J 


14.32 ±0.04 


39.094 


1956 


Reutersward [25] 


13.57 ±0.09 


39.101 


1956 


White et al. [46| 


13.79 ±0.05 


39.099 


1958 


Omura and Morito |47| 


13.96 ±0.05 


39.097 


1960 


Kendall [23] 


13.769 ±0.029 


39.099 


1962 


Harms et al. |15| 


14.33 ±0.06 

715 


39.094 



Table 2. Calculation of atomic weight of potassium from relative mass spectrometric measurements — Continued 



Year 


Investigator 


:i!, K/ 4l K 


Atomic weight a 

(•■-'<: = 12) 


1962 


Letolle [16] 


13.85 ±0.06 


39.098 


1962 


Stauffer and Honda [48] 


14.23 ±0.01 


39.095 


1963 


Shukolyukov et al. [49] 


13.96 ±0.09 


39.097 


1965 


Schreiner and Verbeek [50] 


14.19 ±0.01 


39.095 


1973 


Barnes et al. [51] 


14.015±0.014 


39.097 



Average 39.098 



Calculated with a 40 K/ 4, K value of 0.0017343 for all investigators. 



2. Experimental Procedure 

2.1. Mass Spectrometry 

Isotopic abundance ratios of the reference standard 
(Standard Reference Material 985), calibration mixes 
and separated isotopes were determined by solid 
sample, thermal ionization mass spectrometry. Two 
single stage, solid sample mass spectrometers (a 15 cm 
radius of curvature. 60° analyzer tube instrument and 
a 30 cm radius of curvature, 90° analyzer tube instru- 
ment) were used to obtain two independent sets of 
isotopic ratio measurements. Both mass spectrometers 
were equipped with interchangeable and nearly identi- 
cal electronic components, identical thin lens "Z" 
focusing ion sources [52], and the same basic design 
of a multielement, deep-bucket faraday cage collector 
[52, 53, 54]. 

The collectors, especially designed for in-depth 
suppression of secondary electrons, were equipped 
with a tungsten ribbon (0.025 X0.76 mm) transmission 
grid shadowing a series of 0.10 mm suppressor grids. 
The other components for each measuring circuit 
were a pair of vibrating reed electrometers, an 
expanded-scale strip-chart recorder, a voltage to fre- 
quency converter and a sealer-timer. Data acquisition 
was computer controlled with the 15 cm instrument 
interfaced to a central, time-shared computer and the 
30 cm instrument interfaced to its own minicomputer. 
Under computer controlled operation, all phases of the 
ratio measurement and data reduction were programed 
and automatic with the exception of ranging of the 
vibrating reed electrometers. This was accomplished 
manually by programing a magnet switching delay at 
the end of each peak top observation which was of 
sufficient duration to permit manual ranging. Opera- 
tors retained at all times the options for digital, ex- 
panded scale recorder or simultaneous digital-recorder 
measurements. 

Absolute isotopic abundance studies of uranium [54] 
established that the basic expanded-scale measuring 
circuit, including the multielement faraday cage v 1- 
lector, is linear over a ratio range 20 : 1 to 1 : 20. It was 
also established that for this range of isotopic ratios, 
a single mass dependent correction factor could be 
experimentally determined and applied to correct for 
bias effects. Corroborative support for this is provided 
by previous work in the atomic weight program where 



the isotopic ratios of a wide range of synthetic calibra- 
tion mixes of the elements boron [8], chromium [5], 
magnesium [6]. rubidium [9], and rhenium [10], were 
measured and compared to known values. Since most 
of the absolute isotopic abundance data obtained at 
NBS was with the expanded scale recorder, a con- 
siderable effort was made to prove the linearity of the 
digital measuring circuit. This was accomplished by a 
comparison of the digital and expanded scale recorder 
data obtained under simultaneous measurement condi- 
tions. Linearity of the digital circuits used in this 
experiment were found to be ^ 0.02 percent. 

Potassium was thermally ionized from a tantalum 
triple filament (0.025 X 0.76 mm) source. This filament 
material was selected in preference to other materials 
because of its poor ionization efficiency for calcium and 
the relative ease of reducing the potassium background 
ion current of a tantalum filament to 1 X 10~ 15 A. Prior 
to filament fabrication, the tantalum ribbons were 
boiled in ultra-high-purity water to remove all water 
soluble surface contaminants, rinsed in a second wash 
of ultra-high-purity water, and dried with a heat lamp 
in a clean air environment. After fabrication, the 
filaments were degassed in a vacuum and under a 
potential field. All filaments were degassed for 1 h 
at 4 A and then at an increased current of 4 1 /* A for 
one-half hour. After minimum cooling of 30 min, the 
final cleaning was accomplished by a flashing pro- 
cedure. This procedure consisted of a series of 1-min 
cycles in which the filaments were alternately pulsed 
with a 4 A current and then cooled for periods of 5 to 
15 s. Bare filaments cleaned in this manner exhibited a 
potassium background ion current of ^ 1 X 10" 15 A. 

An evaluation of borosilicate glass, polyethylene, 
quartz, and Teflon containers over a 3-month period 
resulted in the selection of Teflon FEP 3 as the most 
acceptable for long-term storage of potassium solu- 
tions. Polyethylene containers were the least acceptable 
because of the relatively large amounts of material 
leached from some of the containers after stringent 
cleaning. Microgram amounts of organic or inorganic 
impurities on the sample filaments with 10-15 /xg of 
potassium, changed the isotopic fractionation pattern 
of a high purity potassium chloride standard from a 
significantly decreasing 39 K/ 41 K ratio to a nearly con- 



3 A commercial material is identified in this paper in order to adequately specify experi- 
mental procedure. Such identification does not imply recommendation or endorsement by 
the National Bureau of Standards. 
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stant or increasing ratio with time [55]. Thus, a "dirty" 
standard, independent of the source of the impurities, 
showed a bias when compared to the same high purity 
standard analyzed under identical conditions. The 
deleterious effects of impurities on the accuracy of 
potassium isotopic measurements is well documented 
[22, 23, 25, 50, 55, 56]. The Teflon FEP containers 
were cleaned for a prolonged period of 1 week in hot. 
ultra-high purity (1 + 1) nitric acid [57], rinsed with 
ultra-high purity water, leached for 1 week in hot, 
ultra-high purity (1+1) hydrochloric acid, rinsed with 
ultra-high purity water and dried in a Class 100 clean 
air environment. The containers were then filled with 
ultra-high purity (1 + 1) hydrochloric acid, capped and 
stored in a clean air environment until needed. Prior 
to adding potassium solutions, the containers were 
thoroughly rinsed with ultra-high purity water. 

Quartz tubing was used to make the pipets which 
were used to transfer solution from sample storage 1 
containers to the filaments. The quartz tubing was 
cleaned by heating in nitric acid (1 + 1) for 48 h, 
rinsed several times in warm high purity water, boiled 
in ultra-high purity nitric acid (1 +1). rinsed in warm 
ultra-high purity water, and dried in a clean air en- 
vironment by heat lamps. Immediately before trans- 
ferring solution for analysis, additional cleaning was 
accomplished by Hushing with high purity hydrochloric 
acid (1 + 49), rinsing with ultra-high purity water, and 
conditioning with an expendable aliquot of the sample 
to be analyzed. The 1 effects of environmental con- 
tamination on cleaned filaments and pipets were mini- 
mized by careful handling and storage in a Class 100 
clean air environment. 

Potassium was deposited on the sample filaments as 
dilute hydrochloric acid solutions (1 +49) of potassium 
chloride at a concentration of 2.5 mg of potassium per 
ml. One drop, 5 /jl\ for MS #1 and 10 fi\ for MS #5. 
were evaporated to dryness on each sample filament 
with heat lamps and electrical currents which were 
adjusted as follows: 1.0 A for 10 min: 1.2 A for 5 min: 
and 1.5 A for 5 min. The heat lamps and electrical 
currents were turned off and the filaments allowed 
to cool 5 min before removal from the clean air en- 
vironment. Sample filament alinement and spacing 
criteria required positioning these filaments the 
maximum distance of approximately 0.5 mm from the 
edges of the ionizing filament. This type of open 
spacing was used to reduce the effects of radiant heat 
by the ionizing filament. 

Potassium ions were measured at a constant ac- 
celerating voltage of 3.8 kV by varying the magnetic 
field via a temperature compensated. Hall effect con- 
troller. For the mass spectrometric analysis, the ioniz- 
ing filament was maintained at 1250 °C (direct py- 
rometer reading) and the sample filament currents were 
initially adjusted to 0.6 A. At specified times of 5 and 
10 min into the analysis, the K ion current was 
adjusted to 5 X 10 n A and 1.0 X 10 H) A, respectively. 
No further adjustments were made until the ion cur- 
rent exhibited a growth pattern. Failure to produce 
an ion current growth pattern within 25 min after 
starting the run was sufficient cause for termination 



and rejection of the analysis. Under ion current growth 
conditions, the sample filament currents were adjusted 
to yield intensities of 1.5 X 10 ,0 A and 2.0 X 10 10 A 
at specified times of 15 and 20 min into the analysis. 
No further adjustments were normally required. The 
ratio measurement which was started after 40 min of 
heating was made in the sequence of : * }> K/ 4, K, 4, K/ 4() K, 
:{!, k/ 4, K. While the two operators did not select or use 
the same parameters, such as sample size, sample 
mounting, heating pattern, and signal intensity, rigid 
standardization was maintained on each mass spec- 
trometer. Isotopic fractionation was observed and. 
under normal conditions, the 3J, K/ 4I K decreased ^0.2 
percent during the 45 min ratio measuring period. 
The effects of secondary electrons were observed in 
the vicinity of the 40 K base and were due primarily 
to the 10 1() A :i! 'K ion current. Reducing the r-axis 
opening into the collector with a baffle removed the 
large * ! 'k ion beam from the collector plates when the 
40 K ion beam was focused on the faraday cage. This 
procedure was successfully used on both instruments 
to minimize the effects of secondary electrons. How- 
ever, as collector plates were coated with a thin layer 
of potassium, suppression of secondary electrons 
became uncontrollable. It was necessary to remove 
the collector, thoroughly (dean all surfaces and re- 
place the tungsten transmission grids with virgin 
ribbon. This cleaning procedure was necessary and 
essential after approximately 50 analyses. Efforts to 
clean the tungsten transmission grids were unsuc- 
cessful and, under such conditions, deterioration of 
secondary electron suppression was rapid and un- 
acceptable within 20 analyses. Contributions from the 
39 K tail at the 40 K mass position were not detectable 
on the 30 cm instrument but were ^ 1 X 10 ,5 A on 
the 15 cm instrument. This tailing effect limited the 
accuracy of 40 K/ 4, K measurements with the digital 
system. 

Although memory was not detected when the : * !, k 
and 41 K separated isotopes were analyzed in an 
alternate pattern on the same source, or when analyzed 
in a similar pattern with natural or isotope dilution 
samples, it was known that significant amounts of 
potassium were deposited on the ion source during an 
analysis. Since K ions contributed from residual 
potassium can be a source of significant error, the 
ion source was removed from the mass spectrometer, 
disassembled, and thoroughly (leaned before analysis 
of each separated isotope, the equal atom calibration 
mix, and the reference standard and remaining calibra- 
tion mixes. All tools and associated sample mounting 
apparatus were also cleaned with each source (leaning. 
The clean ion source was first degassed for at least 1 h 
with a bare set of filaments and then conditioned for 
90 min with a sample of the approximately isotopic 
abundance to be analyzed. 

2.2. Purification of the Separated Isotopes 

Electromagnetically separated :}i, K and 41 K isotopes 
in the form of potassium chloride were obtained from 
the Isotopes Division. Oak Ridge National Laboratory 
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of the Union Carbide Nuclear Company. The 39 KC1 
and the 4, KC1 were designated series 107401 and 
149401, respectively. The certificates of analysis which 
accompanied each sample included a semiquantitative 
spectrographic analysis which showed that zinc could 
be present at the 0.2 percent level and several other 
elements, including aluminum, cadmium, cobalt, 
chromium, and nickel could be present up to the 0.5 
percent level. To reduce these impurities to a level low 
enough so that they could not cause a significant error 
in the determination of the potassium, the separated 
isotope samples were further purified. The purifica- 
tion method used which was based on the crystalliza- 
tion of potassium perchlorate had been previously 
found by this laboratory to be effective for removing 
cationic and anionic impurities from rubidium chloride 
with the exception of potassium and cesium which 
cocrystallized with the rubidium [9]. The effectiveness 
of this purification procedure for potassium, in which 
potassium perchlorate is crystallized, was first tested 
by the purification of natural potassium chloride to 
which 1,000 ppm of 21 common elemental impurities 
had been added. The results of the analysis of the 
purified material by spark source — isotope dilution 
analysis is shown in table 3. Only sodium and iron 
were detected at the 10-ppm level and most of the other 
elements were at the low ppm level. The purification 
method does not separate rubidium or cesium. 

Each separated isotope sample was purified as fol- 
lows: The potassium chloride (about 3.5 g) was dis- 
solved in 50 ml of 0.02/V HC1 in a Teflon-FEP beaker. 
The solution was filtered through a close textured filter 
paper that had been previously washed with 200 ml 
of 5/V HC1 into a Teflon-FEP beaker. The filtrate was 
diluted to 100 ml, and 6 ml of high-purity perchloric 
acid were added. The precipitated KC10 4 was dis- 
solved by covering the beaker with a Teflon cover and 
heating the solution to near boiling. Potassium per- 
chlorate was crystallized by removing the cover and 
allowing the solution to concentrate to about 35 ml. 
The solution was allowed to cool to room temperature 
and then to about 5 °C by placing it in the refrigerator 
overnight. The crystallized potassium perchlorate was 
recovered from the solution by filtering it through a 
fine porosity polyethylene filter. After the KC1O4 
was washed with a cold 95 percent ethanol solution, it 
was returned to the Teflon beaker and the crystalliza- 
tion process was repeated except that only 2 ml of 
perchloric acid were added. The recrystallized 
KCIO4 was again caught on the polyethylene filter and 
washed with cold 95 percent ethanol. The purified 
material was dried by passing clean air over the KC10 4 . 



Table 3. Spark source-isotope dilution mass spectrographic 
analysis of purified natural potassium chloride 



Table 3. Spark source-isotope dilution mass spectrographic 
analysis of purified natural potassium chloride —Continued 



Element 


Concentration 
Mg/g 


Element 


Concentration 


Al 
Ba 
Bi 


0.6 

1 

0.3 


Mo 

Na 

Ni 


5 
10 

4 



Element 


Concentration 


Element 


Concentration 




ftg/g 




Atg/g 


Ca 


1 


Pb 


1 


Cd 


2 


Se 


6 


Co 


3 


Sn 


4 


Cr 


2 


Sr 


0.1 


Cu 


2 


Te 


2 


Fe 


11 


Tl 


0.4 


Mg 


1 


Zn 


0.4 


Mn 


1 







The purified KCIO4 was transferred back to the 
Teflon beaker and dissolved in 150 ml of hot water. 
This solution, while still hot, was passed through a 
cation exchange column containing 50 ml of AG50X8 
resin, 100-200 mesh which is a strongly acidic cation 
exchange resin. (The polyethylene and resin were 
previously cleaned with 800 ml of 5iVHCl.)The column 
was washed with 100 ml of water to completely remove 
perchloric acid from the column and the potassium 
was eluted with 200 ml of SN HC1. The eluate contain- 
ing the potassium was caught in the original Teflon 
beaker and evaporated to dryness. 

The residue of potassium chloride was transferred 
to a 15 cmX 1 cm X 1 cm platinum boat. The boat was 
transferred to a quartz tube furnace and the boat and 
contents were ignited under oxygen at 550 °C for 2 h to 
oxidize the organic residue from the column. (To avoid 
any possibility of cross isotopic contamination, the 
ignitions were performed in new separate quartz tubes 
which had never been exposed to potassium.) 

Calculations based on the starting weights of 39 KC1 
and 41 KC1 and the weights of the corresponding puri- 
fied salts showed about 95 percent of the potassium 
was recovered in each case. 

The acids and water used during these purifications 
were produced at NBS by subboiling distillation [57] 
and have been shown to be extremely low in trace 
cation contamination. Apparatus such as beakers, 
columns, and filters were vigorously cleaned with 
high-purity acid. 



2.3. Preparation 



and Analysis of 
Isotope Solutions 



the Separated 



The 3.7 g of purified ,39 KC1 were dissolved in about 
50 ml of (1 + 49) HC1, transferred to a tared 250 ml 
Teflon-FEP screw cap bottle and diluted to about 190 
ml with (1+49) HC1. The 3.3 g of purified 41 KC1 were 
dissolved in about 50 ml of (1+49) HC1, transferred 
to a tared 500 ml Teflon-FEP screw cap bottle and 
diluted to about 350 ml with (1 +49) HC1. The bottles 
and contents were weighed to ±0.2 mg and the pre- 
liminary potassium concentration were calculated. 
The solution of 39 KC1 was designated "K39" and the 
solution of 41 KC1 was designated "K4i". 

Samples of the "K39" and "K41" solutions were 
analyzed for impurity elements by isotope dilution- 
spark source mass spectrometry [57]. Samples 
equivalent to about 100 mg of K were spiked with 
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10-7 g of 1()» Ag ^ VM Ba A4 Ca lllQ^ 53C r , 65C U , 54?^ 

m In, 26 Mg, 62 Ni, 2<)6 Pb, H2 Se, n7 Sn, 86 Sr, ,25 Te, 203 T1, 
and fi7 Zn. Most of the potassium matrix was removed 
by crystallization of potassium perchlorate and con- 
centration of the solution to about 0.2 ml. The liquid 
was removed from the crystallized KC10 4 by decanta- 
tions and concentrated to about 0.05 ml by evaporation. 
Each solution was then evaporated to dryness on high 
purity gold wires and analyzed by spark-source mass 
spectrometry. In addition to these elements, Al, Bi, 
Co, Mo, and Mn were estimated by comparison to % 
other nuclides. In addition, Rb and Cs, which are not 
removed by the purification procedure were de- 
termined by thermal ionization mass spectrometry by 
spiking with * 7 Rb, measuring the S5 Rb/ 87 Rb ratio and 
comparing the ,32 Cs to 87 Rb. The results of the analysis 
for impurities are shown in table 4. No element was 
detected at a level high enough to cause a significant 
error in the assay procedure, that is greater than 
100 jig/g. 

Tabi.K 4. Impurities in potassium separated isotopes 



Element 


"K39" 


"K41" 




M^ ; ' 


i*g/g a 


Al" 


1.5 


0.5 


Ba 


0.6 


.09 


Ca 


.4 


.3 


Cd 


.3 


.09 


Cr 


.4 


.5 


Cs 


.1 


.1 


Cu 


.3 


.1 


Fe 


.8 


1.2 


M<: 


.2 


0.2 


Na" 


1 


1.4 


Ni 


0.1 


0.06 


Ph 


.(Y) 


.03 


Rb 


.3 


.4 


Sn 


1 


.01 


Sr 


0.04 


.01 


Te 


.06 


.05 


Tl 


.1 


.05 


Zn 


.5 


.09 



a Essentially all of the values represent upper limit values. 
b Compared to J,i \l<:. 

2.4. Assay of Separated Isotope Solutions 

The bottles containing the potassium separated 
isotope solutions were shaken to thoroughly mix the 
solution and the screw cap closures were replaced with 
prepunctured polyethylene stoppers. Four weighed 
portions of about 15 g for the "K39" solution and about 
30 g for the "K41" solution, equivalent to about 4 mmol 
of K, were withdrawn from each solution in the 
following manner. A 16-cm platinum needle was in- 
serted through the prepunctured polyethylene stopper. 
A 20-ml polyethylene hypodermic syringe was attached 
to the Kel-F hub of the needle and the desired amount 
of solution was withdrawn. The syringe was then dis- 
connected from the hub and the tip was capped with 
a Kel-F hub. Any static charge that might be present 
on the plastic syringe was dissipated by wiping it with 
a damp lintless towel and the syringe and contents were 



weighed on a semimicrobalance to 0.02 mg. The 
solution was then delivered into a Teflon-FEP beaker 
and the syringe was again capped, wiped and weighed. 
The weight of the sample was determined from the 
weights of the syringe before and after delivery of the 
sample. Since about 30 ml of the "K41" solution were 
required to produce a 4-mmol sample, two loadings of 
the 20-ml syringe were weighed for each assay sample. 
Two assay samples were withdrawn from each solution 
hefore the calibration samples were withdrawn and 
two samples were withdrawn after the calibration 
samples to insure that no change in concentration 
occurred during this time interval (about 6 h). 

Each sample was then assayed as follows: Two ml of 
( 1 + 1 ) HCIO 1 was added to the weighed portion of the 
separated isotope solution. The solution was heated to 
dissolve the precipitated potassium perchlorate, KCIO4. 
and evaporated to constant volume at about 85 °C. 
The temperature of the hot plate was then raised to 
about 110 °C to volatilize the excess perchloric acid. 
The beaker and contents were cooled to room tempera- 
ture, 15 ml of water were added and the solution was 
heated until the crystallized KC10 4 dissolved. The 
solution was again evaporated and any excess per- 
chloric acid was removed by heating at about 110 °C. 
These evaporations freed the KCIO4 from chloride and 
occluded perchloric acid. 

The recrystallized potassium perchlorate was again 
dissolved in 15 ml of water by heating and the solution 
was evaporated until only about 1 ml of solution 
remained with the crystallized KCIO4. (This was esti- 
mated by weighing the beaker and contents.) After 
cooling to room temperature, 4 ml of perchloric acid 
were added and the beaker and contents were cooled 
to about 5 °C in a refrigerator for 16 h (overnight). 

The crystallized potassium perchlorate was trans- 
ferred with cold (5 °C) 95 percent ethanol to a tared 
15 ml fine porosity borosilicate glass filtering crucible. 
As much of the salt as possible was transferred hy 
scraping the sides of the beaker with a Teflon "police- 
man" and washing the salt into the crucible with cold 
ethanol. The filtrate and original beaker were reserved 
for the determination of dissolved and untransferred 
potassium. 

The filtering crucible and contents were dried at 
110 °C for 2 h and at 300 °C for 4 h, cooled in a desic- 
cator, and then transferred to the case of a micro- 
balance and allowed to stand for several hours. The 
crucible and contents were then weighed to + 0.002 mg. 
A buoyancy correction for the glass crucible was made 
by averaging three empty tare crucibles. The air weight 
of the KCIO4 was then determined and converted to 
vacuum weight using 2.522 for the density of :}!) KC104 
and 2.557 for the density of 41 KC10 4 . These densities 
were calculated by assuming that they are proportional 
to the density of natural KCIO4 in the same relationship 
as their molecular weights. For simplicity of calcula- 
tions, the vacuum weight of the potassium perchlorate 
was converted to millimoles of potassium using the 
calculated atomic weight for potassium and 1973 atomic 
weight values for chlorine and oxygens. The formula 
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594-051 O- 76 -4 



Table 5. Assay— potassium separated isotope solutions 







Weight 


KCIO4 


Filtrate 


Total 


Weight 


(lone. 


Solution 


Sample 


KCIO, 


K 


K 


K 


sample 


sample 






8 


mmol 


mmol 


mmol 


P 


mmol 




1 


0.517358 


3.737737 


0.007600 


3.745337 


14.52021 


0.257939 




2 


.543999 


3.930210 


.005786 


3.935996 


15.25967 


.257934 


"K39" 


3 


.531849 


3.842430 


.004935 


3.847365 


14.91381 


.257973 




4 


.522707 


3.776382 


.003977 


3.780359 


14.65616 
Average = 
s.d.= 


.257936 
.257946 
.000018 




1 


0.514726 


3.666247 


0.006539 


3.672786 


30.03932 


0.122266 




2 


.492306 


3.506555 


.005527 


3.512082 


28.72888 


.122249 


"K41" 


3 


.487376 


3.471440 


.006114 


3.477554 


28.44437 


.122258 




4 


.498044 


3.547426 


.005187 


3.552613 


29.05879 
Average = 
s.d.= 


.122256 
.122257 
.000008 



weights used were 138.4148 for 39 KC10 4 and 140.3959 
for 41 KC10 4 . 

The beaker in which the precipitation was performed 
was thoroughly washed with hot water and the washings 
were combined with the filtrate. The "K39" solutions 
were spiked with about 15 fjunoi of 41 K and the "K41" 
solutions were spiked with about 15 /Ltmol of 39 K for 
determining soluble and untransferred potassium by 
isotope dilution mass spectrometry. The spiked solution 
was mixed, 1 ml of nitric acid was added and the solu- 
tion was evaporated to constant volume at about 85 °C. 
A few ml of water was added and the solution was 
evaporated to dryness at a higher temperature. The 
residue was taken up in 5 ml of water and passed 
through a column containing 3 ml of AG50X8 cation 
exchange resin. After washing the column with 20 ml 
of H 2 0, the potassium was eluted with 20 ml of 5/V HC1. 
The eluate was evaporated to dryness and taken up in 
0.3 ml of (1+49) HC1 and the 39 K/ 41 K ratio was 
determined by thermal ionization mass spectrometry. 
The potassium found by isotope dilution was added to 
the potassium from the gravimetric determination to 
yield the total potassium in the sample. The concentra- 
tion was then calculated by dividing this value by the 
weight of the sample. Table 5 shows the results of 
these determinations. 

This method of determining the concentration of 
potassium solutions was previously tested on solutions 
containing known amounts of potassium. Six solutions 
were prepared from SRM 999 which is certified to 
contain 52.435 ±0.004 percent potassium by weight 
in the approximate concentration of the separated 
isotope solution. Four samples containing from 3.5 to 
5.0 mmol of potassium were withdrawn from each 
solution and the potassium concentrations were deter- 
mined as described. 

Comparison of the calculated and measured con- 
centrations of the six solutions showed that: (a) the 
concentration of potassium determined by this method 
agreed to within 0.01 percent of the calculated potas- 
sium concentration, (b) systematic errors were negli- 
gible, and (c) the analyses were of equal precision. 

From these analyses and the analyses of the sepa- 
rated isotope solutions, the standard deviation of an 



individual measurement of the concentration of a 
potassium solution was computed to be 0.000017 mmol/g 
(24 degrees of freedom). The uncertainty of the con- 
centration at the 95 percent confidence level is com- 
puted to be 0.000018 mmol/g for the "K39" solution 
and 0.000008 mmol/g for the "K41" solution. 

2.5. Isotopic Analysis of Separated Isotopes 

Two aliquots of each separated isotope were utilized 
for mass spectrometric analysis. One aliquot was 
withdrawn from each separated isotope solution before 
blending of the first calibration mix and the other 
immediately after finishing the last calibration mix. 
Each of the premixing separated isotope solutions was 
analyzed eight times and each of the postmixing solu- 
tions was analyzed two times for a total of 10 analyses 
per instrument. A comparison of the observed isotopic 
ratios of these solutions revealed no significant con- 
tamination during preparation of the calibration mixes. 

Exclusive of variable isotopic fractionation between 
analyses, the major sources of error in determining the 
isotopic composition of highly enriched separated 
isotopes are memory, contamination, filament back- 
ground and nonlinearity of the measuring circuit. 
Memory effects were minimized by thorough cleaning 
and conditioning of the ion source for analysis of each 
separated isotope. The 39 K background contribution of 
the bare degassed filaments was confirmed to be 
1 X 10~ 15 A by mass spectrometric analysis. A selected 
number of these filaments were removed from the 
mass spectrometer and a known quantity, either 10 /xg 
or 25 />tg, of potassium separated isotope was immedi- 
ately deposited on each sample filament. When ana- 
lyzed, the effect of natural potassium was much larger 
than could be accounted for by a nominal 1 X 10~ 15 A 
filament background. This ''threshold effect, " where 
a small amount of sample on the filament surface is 
necessary to obtain an accurate measure of filament 
blank, was observed when the ionizing filament was 
used for a single analysis or when used for as many as 
four different analyses with four different sets of sample 
filaments. The effect of filament blank on the 39 K/ 4, K 
ratios of the separated isotopes was approximately 
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0.002 percent and 0.05 percent for 39 K and 4I K, 
respectively. 

Bias due to RC response of the measuring circuit 
was minimized by delaying a minimum of 30 s to allow 
the system to stabilize after magnetically switching 
peak tops. Continuous monitoring of 39 K on the faraday 
cage produced a condition in which the :U) K/ 41 K ratio 
decreased more than could be accounted for by the 
isotopic fractionation associated with the heating 
pattern. Removing the 39 K ion current from the col- 
lector for less than 5 min produced a recovery to the 
initially observed 39 K/ 41 K ratio. This change was in 
the same direction and, in most cases, of the same 
magnitude as that obtained from isotopic fractionation. 
The maximum change observed, including isotopic 
fractionation, for a normal analysis in which 39 K was 
continuously focused on the faraday cage was 0.5 
percent. A most likely cause of this condition, second- 
ary electrons, was investigated with negative results. 
The number and position of collector suppressor mag- 
nets, increased suppressor voltage on collector plates 
and two different thoroughly cleaned collectors on two 
different mass spectrometers did not have any sig- 
nificant effect. A nonlinear response of a component of 
the measuring circuit because of continuous and pro- 
longed exposure to 10~ 1() A ion currents was also a 
likely cause but could not be proven. Although this 
effect was not detected for any other sample, pre- 
cautions were taken to avoid prolonged or continuous 
monitoring of 10 -1() A ion currents, to limit ratio 
measurements to less than 10 min, and to defocus the 
ions from the collector for 5 min between each meas- 
urement cycle within an analysis. 

Corrected isotopic compositions of the separated 
isotopes are reported in table 6. The uncertainties are 
limits of error which are larger than the calculated 95 
percent confidence limits and which include additional 
components for nonlinearity and the effects of a natural 
potassium filament blank. 

Table 6. Isotopic composition of separated potassium isotopes 



Separated isotope 


Isotopic composition 
(atom percent) 


"K39" ™K 

40 K 

41 K 

"K41" ;!!, K 

11 K 


99.9765 ±0.0004 

0.0014 ± .0001 

.0221 ± .0004 

0.8186 0.0020 

.0004 t .0001 

99.1810± .0020 



The uncertainties are based on minimum errors for the ratio 
determinations. The calculated 95 percent confidence limits are 
well below the minimum error statement. 

2.6. Preparation of the Calibration Samples 

Six calibration samples were prepared by mixing 
weighed portions of the "K39" and "K41" solutions to 
produce five calibration samples with 39 K/ 41 K ratios 
that approximated natural potassium and varied over 
a range of 4 percent. A sixth calibration sample was 



prepared with a 39 K/ 41 K ratio of 1. The portions were 
withdrawn from the bottles and weighed in the manner 
previously described. To eliminate any possibility of 
change in concentration of the isotope solutions with 
time, the portions for the calibration samples were 
withdrawn from the bottles at the same time the 
samples for determining the potassium concentrations 
were withdrawn. 

Table 7. Composition of potassium calibration samples 



Sample 


Isotope 


Weight 


3» K 


4, K 


39 K /41 K 


No. 


solution 


solution 

g 


mmol 


mmol 


ratio 


1 


"K39" 


6.74034 


1.738235 


0.0003842 


14.13808 




"K41" 


1.01137 


0.001012 


.1226344 




2 


"K39" 


7.49182 


1.932031 


.0004271 


13.91228 




"K41" 


1.14244 


0.001143 


.1385274 




3 


"K39" 


7.07292 


1.824002 


.0004032 


13.94269 




ct K4r 


1 .07620 


O.OOI077 


.1304951 




4 


"K39" 


7.19697 


L. 855994 


.0004103 


13.67965 




"K41" 


1.11621 


0.001117 


.1353460 




5 


"K39" 


7.25150 


1 .870055 


.000415 1 


13.55556 




"K41" 


1.13500 


0.001136 


.1376252 




6 


"K39" 


2.45747 


.6337456 


.000140] 


0.989239 




"K41" 


5.32666 


.0053309 


.6158880 





Table 7 shows the calculated isotopic composition 
of the calibration samples. The isotopic ratio of each 
calibration sample was calculated from the isotopic 
analysis of the separated isotopes and the mmol of 
potassium from each separated isotope solution. 

Each calibration sample was thoroughly mixed by 
stirring and evaporated to dryness on a hot plate. The 
calibration samples were taken up with (1 + 49) HC1 
so that 1 ml of solution contained 2.5 mg of K. 

2.7. Isotopic Analysis of the Calibration Mixes and 
the Reference Standard 

Two complete and independent sets of analyses of 
the calibration mixes and the reference standard were 
made, one on MS #1 by Operator I and the other on 
MS #5 by Operator II. Each set consisted of 18 
analyses of the calibration mixes and 18 analyses of 
the standard. Exclusive of the equal atom calibration 
mix which was analyzed on a clean source, a simple 
alternating pattern of standard and calibration mix 
was maintained until three analyses per calibration 
mix were obtained. Four solutions of the high purity 
potassium chloride standard were prepared and 
stored in specially cleaned Teflon bottles. Three of 
these samples were representative of different posi- 
tions of the bulk material and the fourth was a com- 
posite of the first three. The composite sample was 
processed through an ion exchange column to dupli- 
cate the treatment of the separated isotopes during 
the purification procedure. 

Operator I utilized the digital system to determine 
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Table 8. 


Determination of correction factors 






Calibration 
sample No. 


- :5!, K/ 41 k Ratio - 





Correction factor a 





Operator I 


Operator II 


Operator II 


Operator I 


Operator II 


Operator II 




(digital) 


(digital) 


(recorder) 


(digital) 


(digital) 


(recorder) 


1 


14.2879 


14.2723 


14.2709 


0.989590 


0.990583 


0.990684 


\> 


14.0525 


14.0432 


14.0378 


.990097 


.990666 


.991050 


3 


14.0871 


14.0766 


14.0749 


.989825 


.990475 


.990598 


4 


13.8221 


13.8088 


13.8024 


.989769 


.990636 


.991098 


5 


13.6940 


13.6838 


13.6797 


.989966 


.990617 


.990917 


6 


0.999965 


0.998973 


0.998859 


.989391 


.990250 


.990367 



Mean value of correction factors = 



0.989849 



1 0.990595 



1 0.990869 



a These correction factors are calculated using the individually determined compositions of the separated isotopes to compute the iso- 
topic ratio of each calibration sample. 

b Values of calibration sample No. 6 were not used in calculating the averages, but were included in the computation of the uncertainty 
in the ratio determination. 

Table 9. Observed isotopic ratios of reference standard 



Bottle No. 


- Operator I 


- Operator II 


:w K/ 4, K Digital 


:ii, K/ 4, K Recorder 


39 K/ 41 K Digital 


:w K/ 41 K Recorder 


B-2 
B-6 
B-11 
Composite 

Average 


13.99743 
13.99798 
13.99840 
13.99826 

13.99802 




13.98520 
13.98952 
13.98805 
13.98951 

13.98807 


13.98286 
13.98477 
13.98590 
13.98653 

13.98502 




41 K/ 4,, K Digital 


41 K/ 4,, K Recorder 


41 K/ 40 K Digital 


4, K/ 40 K Recorder 


B-2 
B-6 
B-11 
Composite 

Average 


573.363 
573.307 
573.921 
573.852 

573.611 


574.204 
573.289 
573.653 
573.851 

573.749 


575.301 
576.027 
575.135 
575.648 

575.528 


573.987 
574.090 
573.571 
574.453 

574.025 



Note. —The value for each bottle is the average of five analyses. 



the potassium isotopic ratios of all samples and also 
simultaneously recorded the data by expanded scale 
recorder. Of the strip chart recorder data by Operator 
I, only the 4, K/ 40 K ratio was calculated with the intent 
of providing a rigorous evaluation of the linearity of 
the digital system. Operator II utilized the digital and 
expanded scale recorder in a simultaneous mode of 
operation to measure the isotopic ratios of all samples. 
Two sets of measurement by Operator II, the set of 
digital measurements by Operator I, and the 41 K/ 4() K 
recorder measurements by Operator I were submitted 
to a statistician for analysis. 

3. Results and Discussion 



Table 8 summarizes the 
mixes and the calculation 
bration mixes one through 
bration for determining the 
of equal atom mix (No. 6) 
slightly different from the 
ments. This calibration mix 



analysis of the calibration 
of correction factors. Cali- 

five formed the point cali- 
correction factors. Analysis 

yielded correction factors 

averages on both instru- 
was excluded in calculating 



the average correction factors but was included in 
determining the uncertainty in the ratio measurement. 
The average values for the observed isotopic ratios 
of four subsamples of the reference standard are given 
in table 9. The agreement between subsamples indi- 
cates that the Teflon sample containers were ade- 
quately cleaned or that any impurities leached from 
the containers did not affect the isotopic analysis. 
Organic contributions from the ion exchange column 
purification were also too small to significantly affect 
the isotopic ratios. The 41 K/ 4() K ratio as determined by 
Operator II on the digital system is biased high with 
respect to the recorder data on the same instrument. 
This bias is due to a slight amount of :i9 K tail at the 
40 K mass position on the 15 cm instrument. The digital 
system takes the linear average of two points on oppo- 
site sides of the 40 K peak to determine the baseline, 
but the tail contribution is nonlinear. This type 
correction is more accurately determined from the 
recorder spectra. The precision of the 3i, K/ 41 K ratio 
measurements are approximately the same for both 
operators using either digital or expanded scale re- 
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Table 10. Determination of corrected isotopic ratios 






:wr / 11 l 






K - 






IV 


i\ 




is./ 




Observed 


Correction 


Corrected 


Observed 


Correction 


Corrected 




;{! 'k/"k 


factor 


3» K /41 K 


4i K /4o K 


factor 


»K/ 40 K 


Digital I 


13.99802 


0.989849 


13.85593 


573.611 


1.005128 


576.552 


s.d.= 


0.00022 


.000114 


0.001 H 18 d.f.) 


0.160 


0.000051 


0.163 (8 d.f.) 


Digital II 


13.98807 


.990595 


13.85651 


575.528 


1.004747 


578.260 


s.d. = 


0.00102 


.000070 


0.00195 (8 d.f.) 


0.198 


0.000035 


0.199(8 d.f.) 


Recorder II 


13.98502 


.990869 


L3.85732 


574.025 


1.004608 


576.670 


s.d.= 


0.00081 


.000114 


0.00161 (8 d.f'.) 


0.182 


0.000057 


0.163 (8 d.f.) 






Mean = 


13.85662 ± a 0.00627 




Mean = 


576.6 ± ;, 2.0 


Uncertainty Components: 












95 percent confidence limits on ratio d 


etermina- 








tion 




-+ 00267. . . . 






+ 1 88 


Bounds due to possible 


systematic 


error in 








composition of separatee 
Hounds due to possible 


isotopes 

systematic 


+0 00119.... 






+ 05 


error in 








chemical analvsis 




+0.00241.... 






+n in 











''Digital I and Recorder II were used as the two independent determinations to calculate the means and un- 
certainty component due to ratio determination. 



corder measurements. The two complete sets of meas- 
urements by Operator II do not satisfy the criteria for 
two independent determinations. Satisfaction of this 
criteria requires each set of analyses to he different 
in all respects from sample loading through the ratio 
measurement. Therefore, the digital measurements of 
Operator I and the recorder measurement of Operator 
II were used as two independent determinations from 
which the absolute isotopic ratios, the isotopic compo- 
sitions, and the atomic weight were calculated. The 
absolute isotopic ratios are summarized in table 10. 
The calculation of the atomic weight of the reference 
standard is summarized in table 11. Each uncertainty 
component is at least as large as the 95 percent con- 



fidence limit. For the 40 K/ 41 K ratio measurement of the 
standard and the isotopic ratios of the separated iso- 
topes, the statistically calculated 95 percent confidence 
limits are smaller than the limiting error of the instru- 
ment. For this condition an uncertainty component 
larger than the calculated 95 percent confidence limit, 
but equivalent to the limiting error of instrument for 
the analytical conditions of the measurement, is used. 
The overall limit of error is the sum of the uncertainty 
components due to the isotopic composition of the 
separated isotopes, the chemical assay and mixing of 
the separated isotopes, and the mass spectrometric 
ratio measurement. 

An extensive survey of terrestrial potassium by 



TABLE 11. Summary calculations of the atomic weight of potassium in Standard Reference Material 985 







- Uncertain 












Value 


Overall limit 
of error ;i 


Mass 
spectrometric 
analytical error 


Possible 

systematic error 

in composition 

of separated 

isotopes 


Possible 

systematic error 

in chemical 

analysis 


Atomic weight = 39.098304 


zt 0.000058 


±0.000025 


±0.000011 


• 0.000022 


Nuclidic masses 
C-C=12) 
: ^k- 38.9637089 
40 K = 39.9640001 
11 K 40.9618270 


±0.0000008 
±0.0000008 
±0.0000011 








Atomic percent 
3 »K = 93.25811 
40 K = 0.011672 
41 K = 6.73022 


±0.00292 
• 0.000041 
! 0.00292 


± 0.00130 

±0.000038 

±0.00130 


! 0. 00053 

0.000001 

±0.00053 


• 0.00109 
0. 000002 

• 0.00109 


Isotopic ratios 

:!i, K/ 41 k = 13.85662 
40 K/ 4, k= 0.0017343 


±0.00627 
• 0.0000061 


0.00267 
±0.00000564 


±0.00119 
±0.00000015 


• 0.00241 
±0.0000003 



;1 The overall limit of error is the sum of the 95 percent confidence limits and the terms covering effects of 
known sources of possible systematic error. 
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Garner et al. [56] found no major isotopic abundance 
variations among approximately 70 mineral samples of 
different geological origins and geographic locations. 
Particular attention was given to include samples 
which might be expected to show isotopic variations 
or which had been previously reported to show sig- 
nificant isotopic variations. The average value of the 
minerals is biased approximately 0.03 percent higher 
than the 39 K/ 41 K of the reference standard, SRM 985. 
This difference is attributed to an altered fractionation 
pattern rather than to real differences in isotopic 
abundance between the minerals and reference 
standard. The alteration in fractionation pattern of the 
minerals is produced by the relative small amounts of 
organic and/or inorganic impurities which are not 
removed by the chemical separation and purification 
procedure. 

Based on this survey, the atomic weight of terrestrial 
potassium is calculated to be 39.09830 ±0.00019. The 



error limits include an additional component of 
±0.000136 to cover uncertainties in the terrestrial 
mineral survey data resulting from possible natural 
isotopic variations and bias introduced by the chemical 
purification procedure. The reported isotopic variations 
of lunar potassium [51, 58] were treated as a special 
case and are not covered by the error limits for 
terrestrial potassium. 



We are indebted to: Hsien H. Ku for statistical 
analysis; W. R. Shields, former Section Chief, for his 
advice and efforts in initiating the project; W. A. 
Bowman, III, for maintenance support; Carrie A. 
Garfink for filament fabrication and assistance in 
reduction of strip chart recorder data; Joy J. 
Shoemaker and Josephine Ledford for skillful manu- 
script preparation. 
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